Abstract An understanding of the pathophysiologic mechanisms of post-renal transplant (PRT) bone disease is of important clinical significance. Although bone disease occurs after all solid organ transplantation, the cumulative skeletal fracture rate remains high in PRT subjects while reaching a plateau with other transplantations. One major difference in the pathophysiology of PRT bone disease is, perhaps, due to persistent renal phosphorus (Pi) wasting. Novel phosphaturic agents have recently been suggested to participate in the development of bone disease in PRT subjects. However, it is unclear as of yet whether these factors alone or in conjunction with excess parathyroid hormone (PTH) secretion play a key role in the development of negative Pi balance and consequent bone disease in this population. In this review, I present a natural history of PRT hypophosphatemia and persistent renal Pi leak, provide pathophysiologic insight into these developments, and discuss the difficulty in diagnosing these phenotypes in both adult and pediatric populations.
Introduction
Over the past 50 years, there has been significant progress in the field of pediatric kidney transplantation [1] . These improvements have largely been due to the development of new immunomodulatory agents used for the treatment of this population [2] [3] [4] [5] , which has resulted in the number of pediatric recipients of any organ increasing by over 20%. The greatest increase occurred between 1997 and 2006 in recipients 11-17 years of age [1] . The improvement of these treatments has increased both patient and graft survival. However, despite the development of new immunomodulatory agents, which has limited the use of glucocorticoids, post-renal transplant (PRT) bone disease remains a major complication in both pediatric [6, 7] and adult populations [8] [9] [10] .
The pathophysiologic mechanism responsible for bone disease following solid organ transplantation has mainly been linked to the use of immunomodulatory agents [11] [12] [13] . However, PRT bone disease has its own specific presentation [10] since renal osteodystrophy is commonly encountered in patients with chronic kidney disease prior to transplantation. One unique phenotypic characteristic in PRT patients is persistent hypophosphatemia, which usually does not occur with other solid organ transplantation [14, 15] . transport mechanism through the brush-boarder membrane (BBM), which acts as the rate-limiting step in overall Pi reabsorption [17] . Three families of NaPi cotransporter have been identified (types I, II, and III) [18] [19] [20] . The type II family of cotransporter consists of three highly homologous isoforms: type IIa and type IIc, which are expressed in the BBM of the renal proximal tubule [19, 20] , and type IIb, which is not expressed in the kidney but is responsible for intestinal Pi absorption [21] (Fig. 1) .
Renal tubular phosphate reabsorption is also mediated by multiple hormonal and non-hormonal factors. Parathyroid hormone (PTH) and dietary Pi intake are the principle regulators of this process [22] . High Pi intake and PTH inhibit NaPi cotransport across the BBM, influencing the endocytosis of NaPi types IIa and IIc [23] . Conversely, Pi deprivation stimulates the BBM NaPi IIa/c protein recruitment to the apical membrane [23] . Fibroblast growth factor-23 (FGF-23), a newly discovered regulator of renal Pi handling, has been shown to inhibit NaPi IIa/c-mediated cotransport [24, 25] . In addition, other hormones, including glucocorticoids [26] and thyroid hormone [27] , have been shown to modulate renal tubular phosphate transport (Table 1) .
Natural history of renal phosphorus leak
Hypophosphatemia and renal phosphate wasting are common occurrences following kidney transplantation [28, 29] . These complications have been perceived as transient, occurring early after renal transplantation but rarely persisting for a long duration of time. However, under some circumstances, hypophosphatemia may be prolonged [30] . A normal serum Pi concentration does not preclude the persistence of renal Pi leak and persistent negative Pi balances, which may influence bone integrity. Most of the earlier studies did not take into account the normal cyclic variation of serum Pi concentrations [31] . Under ordinary circumstances, the serum Pi concentration rises postprandially regardless of the total body Pi content [31] and, consequently, it is possible that low serum Pi is masked in a single specimen by this cyclic variation. Secondly, normal serum Pi concentrations may not exclude the inappropriately high fractional excretion of phosphate (FE pi ) since skeletal Pi mobilization precludes the development of hypophosphatemia [32] . The determination of serum Pi in children has its own limitations since Pi kinetics vary according to age and skeletal phosphate displacement during this stage of rapid growth. Due to increased Pi deposition, serum Pi levels are usually lower in children ≥10 years of age [33] .
Although the natural history of renal Pi leak and hypophosphatemia has not been extensively examined, one study in 12 successful PRT children and young adults aged 6-36 months following transplantation revealed hypophosphatemia in 58% of this population [34] . This result was detected despite similar demographic characteristics between the two groups, including age, primary kidney disease, duration of hemodialysis before renal transplantation, warm and cold ischemic times of allograft, and histocompatibility between donors and recipients. Moreover, the tubular Pi reabsorption was found to be 65.1%±5.9 (standard deviation, SD) in hypophosphatemic subjects, which was significantly lower than the 85.4%±1.8 in normophosphatemic children (p<0.01) [34] . However, the renal tubular Pi reabsorption value in the latter study was slightly lower than the approximate ≥90% renal tubular Pi reabsorption rate reported in most children [35] . This renal Pi leak was an isolated defect since the serum bicarbonate concentration was similar in both groups, and there was no evidence of amino-aciduria or glycosuria. In addition, no difference in serum PTH concentration was detected between normophosphatemic and hypophosphatemic children. One may conclude that the renal Pi leak possibly occurred independently of prevailing serum PTH concentrations in the hypophosphatemic group of children.
Role of parathyroid hormone
Hyperparathyroidism is known to play a significant role in the development of post-transplant hypophosphatemia [29] . Elevated PTH levels have been shown to decline shortly after renal transplantation [36, 37] , with, in most cases, the decline rate reaching a plateau 1 year following renal transplantation. However, hyperparathyroidism may persist for many years, resulting in renal Pi wastage [36] . There is evidence inferring that hyperparathyroidism alone may not be sufficient in the development of a renal Pi leak [32, 38] . In one study in PRT subjects, serum Pi concentrations and FE pi failed to normalize following intravenous calcium infusions [38] . Another in vitro study using opossum cells (as a model for the proximal renal tubular cells) incubated with sera from end stage renal disease patients, chronic kidney disease subjects, and early PRT subjects demonstrated diminished Na-dependent Pi uptake in all three groups [32] . In addition, this diminished Na-dependent Pi uptake did not change following the addition of a bovine PTH inhibitor. These results suggest that PTH may not be the sole causal factor in PRT phosphorus wasting.
Secondary hyperparathyroidism is the most common bone disease in children undergoing renal dialysis [39, 40] . In one study performed in children and adolescents (mean age 12±2 years) following successful renal transplantation, quantitative bone histomorphometry showed an increase in osteoid perimeter, and eroded bone surfaces [7] changes were associated with a serum PTH above the upper range of normal in 22% of the patients. The results of this study suggest that persistent hyperparathyroidism may only occur in a minority of pediatric PRT subjects.
Role of phosphatonins
To date, several studies have suggested that persistent hyperparathyroidism may not be the only mechanism responsible for hypophosphatemia following successful renal transplantation [32, 38, 41, 42] . The phenotypic presentation of PRT hypophosphatemia and renal Pi wastage is similar to that of several inherited and acquired disorders of Pi metabolism [43] [44] [45] . Similar to PRT hypophosphatemia, calcitriol levels are low in all of these disorders despite normal kidney function, hypophosphatemia, and elevated PTH, all of which are stimuli known to enhance 1,25(OH) 2 D synthesis [10, 37, [46] [47] [48] (Fig. 2) .
FGF-23 is an approximately 26-kDa protein that is not cleared by dialysis [49] . The cellular effects of the FGF family are mediated by FGF receptors (FGFRs) [50] . A specific receptor for FGF-23 has yet to be identified, and it is possible that its effects are mediated through more than a single receptor [51] since four genes code for the seven FGFRs, which are tyrosine kinase family members [52] . It has been shown that FGF-23 binds to and activates FGFRs in various tissues that co-express Klotho, a transmembrane protein co-factor that determines the tissue specificity of FGF-23 [53, 54] . It has also been postulated that a FGFRKlotho complex, expressed in the distal renal tubule in paracrine fashion, regulates proximal renal tubular phosphorus reabsorption and 1,25(OH) 2 D production [55] . One such communicating factor may be prostaglandin, since the inhibition of prostaglandin synthesis with indomethacin has been shown to improve hypophosphatemia in Hyp mice [56] . The direct effect of FGF-23 on bone has not been fully elucidated. However, in one in vitro study, FGF-23 was shown to control osteoblastic cell differentiation [57] .
Several clinical studies have determined that FGF-23 is a phosphatonin which plays a key role in the pathogenesis of inherited and acquired phosphorus wasting disorders [43] [44] [45] . FGF-23 has been shown to inhibit renal 1-α hydroxylase, lower calcitriol synthesis, and cause renal phosphorus wasting [58] . It has also been shown to have a physiologic role in normal phosphorus homeostasis [51, 59, 60] . Serum concentrations of FGF-23 are also known to be elevated in patients with chronic kidney disease (CKD) [49, [61] [62] [63] . Although the rise in serum FGF-23 may be due to its reduced renal clearance, the results from several studies have suggested that a progressive rise in FGF-23 may occur with the progression of CKD, possibly contributing to decreased 1,25(OH) 2 D synthesis [61, 62, 64] . In patients with kidney Fig. 1 Phosphorus homeostasis. ECF Extracellular fluid, Pi inorganic phosphorus, NaPi sodium cotransporter. Modification of Fig. 1 in Ghanekar et al. [10] disease, serum Pi concentration may also play a role in the secondary increase of serum FGF-23, which by enhancing urinary Pi excretion in the remaining nephrons mitigates the rise in serum Pi. A distinct relationship between plasma FGF-23 concentrations and renal failure was reported in a study of 49 children on continuous cycling peritoneal dialysis. In this population, FGF-23 levels were significantly elevated in subjects with secondary hyperparathyroidism [65] . In addition, the FGF-23 concentrations were shown to be much higher in anuric patients than in those with residual urine output, suggesting FGF-23 clearance by the kidney. The serum FGF-23 levels were also directly correlated with serum Pi concentrations, implying that Pi plays a regulatory role in FGF release [65] . A separate study reported a marked decrease in serum FGF-23 shortly after the improvement of renal function following successful renal transplantation, suggesting rapid FGF-23 clearance. However, plasma FGF-32 concentrations were significantly and inversely correlated with plasma Pi (r 2 =0.661, p<0.05), but not with creatinine clearance [66] . This result suggested that the remaining FGF-23 may have played a role in the development of hypophosphatemia in PRT recipients. In another longitudinal prospective study conducted by Bhan et al., 85% of the 27 living donor transplant recipients developed hypophosphatemia. In this study, the mean PRT FGF-23 concentration decreased distinctly within the first week following transplantation, although its level continuously remained above normal [48] . Moreover, a stronger correlation was shown with FGF-23 and hypophosphatemia than with PTH [48] . Based on these observations, Bhan et al. suggested that PRT hypophosphatemia may be in a state of tertiary 'hyper-phosphatoninism' [48] (Fig. 3) . The underlying pathophysiologic mechanism of persistently elevated FGF-23 in this population remains unknown. In an animal study using PTH-cyclin D1 transgenic mice, a model of primary hyperparathyroidism, FGF-23 concentrations were found to be directly correlated with serum PTH and inversely correlated with serum Pi concentration. Moreover, serum FGF-23 levels declined in this animal model following a parathyroidectomy, which is suggestive of the regulatory role of PTH in serum FGF-23 concentrations [67] . Therefore, it is plausible to suggest that tertiary hyperphosphatonemia may be, in part, due to the persistence of PTH secretion in PRT recipients. FGF-23 is highly expressed in osteocytes [68] , and it is possible that osteocytes communicate with osteoblasts on the bone surface that express PTH receptors [69] .
The role of phosphatonins other than FGF-23 has recently been suggested in other genetic and acquired Pi wasting syndromes [70, 71] . However, the contribution of these phosphatonins in PRT phosphorus wasting has not been revealed. A recent study in PRT recipients demonstrated the relationship between secreted frizzle related protein-4 (sFRP-4) and serum Pi concentrations [66] .
concentrations are commonly inappropriately low following successful renal transplantation despite hypophosphatemia and hyperparathyroidism, both of which are known to enhance calcitriol synthesis [37, 46, 47] . The lower 1,25(OH) 2 D concentration in these subjects may be due to high concentrations of FGF-23, which has been shown to have an inhibitory effect on 1,25(OH) 2 D production. Experimental evidence has demonstrated that 1,25(OH) 2 D increases renal proximal tubular Pi reabsorption [46, 72, 73] . The influence of 1,25(OH) 2 D in renal Pi reabsorption in PRT 
Role of immunomodulatory agents
It has been suggested that immunosuppressive drugs may contribute to the development of hypophosphatemia. Both high doses of steroids and tacrolimus have been implicated as a cause of renal phosphorus wasting [41, 74, 75] . However, it has also been argued that a high dose of steroids in normal subjects [38] and/or other solid organ transplantations is not associated with hypophosphatemia and renal Pi wastage [14, 15] . In one study of PRT patients, despite all subjects receiving similar immunosuppressive drugs, not all developed hypophosphatemia. Furthermore, hypophosphatemia disappeared with a longitudinal followup although the same immunosuppressive regimen continued [48] . From these studies, one can conclude that although various immunosuppressive drugs may lead to renal phosphorus wastage, the confounding effect of other potential phosphaturic agents cannot be totally excluded.
Role of phosphorus wasting in post-renal transplantation bone disease
The pathophysiologic mechanisms of bone disease after solid organ transplantation are complex [76] . However, bone disease following renal transplantation is different from that following other solid organ transplants since bone density loss is persistent and, as a result, the cumulative fracture risk progressively increases with time. This is unlike the situation in other solid organ transplantations in which fracture rates plateau [9, 14, [76] [77] [78] (Fig. 4) . In most instances, immunosuppressive drugs have been suggested Fig. 4 The difference in cumulative risk of bone fracture in post-renal transplantation compared to other solid organ transplantation. Reprinted with permission by Ghanekar et al. [10] as a leading cause in the development of posttransplantation bone disease [13] . Despite this hypothesis, several bone histomorphometric studies in PRT patients have shown features, such as defective bone mineralization, which are uncharacteristic of steroid-induced osteoporosis [79, 80] . The most recent study conducted by MonierFaugere et al. demonstrated defective mineralization in the majority of PRT patients despite normal serum vitamin D and Pi concentrations [79] . However, this study ignored the pathogenic role of renal Pi wasting.
At the present time, it is imperative to consider the measurement of FE pi in fasting urinary specimens. However, treatment with oral Pi may not negate renal Pi leak and may actually increase serum FGF-23 levels to further diminish renal tubular Pi reabsorption. A major misunderstanding among practicing physicians has been that the low bone mineral density (BMD) parameters established by the World Health Organization do not distinguish between osteoporosis and defective bone mineralization. Therefore, it is likely that most of the PRT patients labeled with the diagnosis of steroid-induced osteoporosis may actually have bone mineralization defects and osteomalacia. Thus, the lack of attention to correct this abnormality may result in increased cumulative risk of bone fracture in this population. Baseline and annual BMD analysis in PRT patients is logical as long as practicing physicians take into consideration that low BMD in this population may not solely be due to the effects of steroids on the bone.
To date, only a single study has shown a relationship between serum FGF-23 and bone histology on dialysis and/or after successful renal transplantation. This study, which was conducted in children on chronic peritoneal dialysis, reported an inverse relationship between serum FGF-23 concentrations and static/dynamic parameters of bone mineralization [65] . However, it is possible that the residual effect of previous treatment with vitamin D metabolites obscured the direct relationship between FGF-23 and bone mineralization parameters. Despite a lack of surveillance, persistent renal Pi wasting and negative Pi balance may be specifically important in PRT children and adolescents since peak bone density is attained as a result of normal bone growth [81] . Since bone strength is, in part, due to the material properties of the bone which, in turn, depend on bone mineral content, the lower bone Pi content can lead to decreased stiffness and, ultimately, diminished bone strength [82] . Both calcium (Ca) and Pi play an important role in bone formation, with a Ca:Pi ratio in human bone of 1.5-1.0.
Conclusion and future perspective
Since PRT hypophosphatemia is of notable clinical significance, it is necessary to further define the prevalence and natural history of PRT Pi wasting and negative Pi balance in both pediatric and adult PRT populations. Ideally, attempts should be made to develop novel therapeutic agents directly targeting FGF-23 production or inhibitory molecules targeting organ receptors. Until this has been realized, treatment with Ca sensor analogs appear to be logical since autonomous hyperphosphatonemia is, in part, correlated with excess PTH secretion. Long-term double blind control studies will be required to establish such a relationship.
